Gaidhu MP, Anthony NM, Patel P, Hawke TJ, Ceddia RB. Dysregulation of lipolysis and lipid metabolism in visceral and subcutaneous adipocytes by high-fat diet: role of ATGL, HSL, and AMPK. Am J Physiol Cell Physiol 298: C961-C971, 2010. First published January 27, 2010; doi:10.1152/ajpcell.00547.2009.-This study investigated the molecular mechanisms by which a high-fat diet (HFD) dysregulates lipolysis and lipid metabolism in mouse epididymal (visceral, VC) and inguinal (subcutaneous, SC) adipocytes. Eight-weeks of HFD feeding increased adipose triglyceride lipase (ATGL) content and comparative gene identification-58 (CGI-58) expression, whereas hormone-sensitive lipase (HSL) phosphorylation and perilipin content were severely reduced. Adipocytes from HFD mice elicited increased basal but blunted epinephrine-stimulated lipolysis and increased diacylglycerol content in both fat depots. Consistent with impaired adrenergic receptor signaling, HFD also increased adipose-specific phospholipase A2 expression in both fat depots. Inhibition of E-prostanoid 3 receptor increased basal lipolysis in control adipocytes but failed to acutely alter the effects of HFD on lipolysis in both fat depots. In HFD visceral adipocytes, activation of adenylyl cyclases by forskolin increased HSL phosphorylation and surpassed the lipolytic response of control cells. However, in HFD subcutaneous adipocytes, forskolin induced lipolysis without detectable HSL phosphorylation, suggesting activation of an alternative lipase in response to HFD-induced suppression of HSL in VC and SC adipocytes. HFD also powerfully inhibited basal, epinephrine-, and forskolin-induced AMP kinase (AMPK) activation as well peroxisome proliferator-activated receptor gamma coactivator-1␣ expression, citrate synthase activity, and palmitate oxidation in both fat depots. In summary, novel evidence is provided that defective adrenergic receptor signaling combined with upregulation of ATGL and suppression of HSL and AMPK signaling mediate HFD-induced alterations in lipolysis and lipid utilization in VC and SC adipocytes, which may play an important role in defective lipid mobilization and metabolism seen in diet-induced obesity. adipose tissue; adipose triglyceride lipase; hormone-sensitive lipase; AMP kinase WHITE ADIPOSE TISSUE (WAT) plays an important role in regulating whole body energy homeostasis. One of its major roles is to release fatty acids (FAs) under conditions of negative energy balance or prolonged exercise to provide energy for peripheral tissues. The molecular machinery involved in triacylglycerol (TAG) breakdown and FA release works in an orderly and regulated fashion, conferring to WAT the capacity to respond to various feeding conditions and to the energy demands of the body. Importantly, conditions that lead to overeating and obesity disrupt normal regulation of WAT lipolysis. In fact, basal lipolysis has repeatedly been reported as elevated, whereas catecholamine-induced lipolysis is suppressed in obese humans and rodents (26). The classical mechanism to explain this condition is centered on the fact that the largely expanded WAT of obese subjects becomes resistant to insulin, impairing the major lipogenic and antilipolytic effects of this hormone (4, 37, 40). Obesity develops under conditions of chronic energy surplus, indicating that visceral (VC) and subcutaneous (SC) adipocytes must be able to deal with large amounts of lipids being delivered to the WAT. In this scenario, the ability of adipocytes to handle excess lipids via alterations in FA metabolism may play an important role in the adaptive responses of the WAT to obesity. Importantly, obesity is invariably accompanied by increased circulating levels of nonesterified fatty acids (NEFAs) (4 -6, 40), indicating that the regulation of energy storage and mobilization of FAs from VC and SC adipocytes is defective. Although literature exists describing the differences between VC and SC fat depots with regard to eliciting distinct lipolytic rates (9, 30, 42), the cellular and molecular mechanisms responsible for these depot-specific characteristics still remain to be elucidated. This is particularly important because it is the excessive accumulation of VC adipose tissue (visceral obesity) that has been strongly correlated with the development of insulin resistance and type 2 diabetes (4, 25). In this scenario, unraveling the molecular mechanisms involved in dysregulation of lipolysis and lipid metabolism in VC and SC WAT in obesity may be of great therapeutic relevance.
WHITE ADIPOSE TISSUE (WAT) plays an important role in regulating whole body energy homeostasis. One of its major roles is to release fatty acids (FAs) under conditions of negative energy balance or prolonged exercise to provide energy for peripheral tissues. The molecular machinery involved in triacylglycerol (TAG) breakdown and FA release works in an orderly and regulated fashion, conferring to WAT the capacity to respond to various feeding conditions and to the energy demands of the body. Importantly, conditions that lead to overeating and obesity disrupt normal regulation of WAT lipolysis. In fact, basal lipolysis has repeatedly been reported as elevated, whereas catecholamine-induced lipolysis is suppressed in obese humans and rodents (26) . The classical mechanism to explain this condition is centered on the fact that the largely expanded WAT of obese subjects becomes resistant to insulin, impairing the major lipogenic and antilipolytic effects of this hormone (4, 37, 40) . Obesity develops under conditions of chronic energy surplus, indicating that visceral (VC) and subcutaneous (SC) adipocytes must be able to deal with large amounts of lipids being delivered to the WAT. In this scenario, the ability of adipocytes to handle excess lipids via alterations in FA metabolism may play an important role in the adaptive responses of the WAT to obesity. Importantly, obesity is invariably accompanied by increased circulating levels of nonesterified fatty acids (NEFAs) (4 -6, 40) , indicating that the regulation of energy storage and mobilization of FAs from VC and SC adipocytes is defective. Although literature exists describing the differences between VC and SC fat depots with regard to eliciting distinct lipolytic rates (9, 30, 42) , the cellular and molecular mechanisms responsible for these depot-specific characteristics still remain to be elucidated. This is particularly important because it is the excessive accumulation of VC adipose tissue (visceral obesity) that has been strongly correlated with the development of insulin resistance and type 2 diabetes (4, 25) . In this scenario, unraveling the molecular mechanisms involved in dysregulation of lipolysis and lipid metabolism in VC and SC WAT in obesity may be of great therapeutic relevance.
Lipolysis in the WAT of humans and rodents is regulated in a step-wise fashion by adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase (MAGL) (4, 27, 28) . The current model is that ATGL initiates lipolysis by cleaving the first FA from TAG and then HSL and MAGL act on diacyglycerol (DAG) and monoacylglycerol, respectively, releasing two additional FAs and one glycerol molecule (27) . Therefore, the orchestrated activation of ATGL, HSL, and MAGL seems to be required for complete lipolysis to occur in adipocytes. Binding of agonists to the ␤-adrenergic receptors, coupled to adenylate cyclase via the stimulatory G protein, leads to an increase in cAMP and activation of protein kinase A (PKA) (4, 15) . In rat HSL, PKA phosphorylates serine residues 563, 659, and 660 (2, 4, 39) , leading to translocation of HSL to the lipid droplet and to great enhancement of lipolysis. Phosphorylation of perilipin A, a protein associated with the lipid droplet, by PKA has also been demonstrated to be necessary for activation of HSL and for catecholamine-induced lipolysis to occur. Conversely, the cellular energy sensor AMP-activated protein kinase (AMPK) has been demonstrated to phosphorylate serine-565 of HSL, which prevents PKA-mediated phosphorylation of this enzyme and impairs catecholamine-stimulated lipolysis (19) . In this con-text, AMPK has been proposed to lower the release of FAs into the circulation, which could help prevent lipotoxicity in peripheral tissues as well as reduce the costly process of reesterifying FAs in the WAT (3, 17, 20) . ATGL activity is also stimulated by catecholamines, but the molecular mechanism(s) underlying this effect is unknown. Although ATGL can be phosphorylated on serine residues 404 and 428 by a yet unidentified kinase, this does not seem to affect the activity of this lipase. There is compelling evidence that the protein comparative gene identification-58 (CGI-58) drastically enhances ATGL-mediated TAG hydrolysis without affecting HSL activity (29) . Under basal conditions, CGI-58 is also localized to the lipid droplet in association with perilipin A (21, 29, 38) . Upon hormonal stimulation, PKA phosphorylates perilipin A at serine residues 492 and 517, resulting in CGI-58 dissociation (22) . Once dissociated, CGI-58 interacts with ATGL and potently activates this TAG lipase (21, 29, 38) . In fact, addition of CGI-58 to ATGL containing extracts enhances TAG hydrolase activity by ϳ20-fold (29) . The current literature suggests that in lean rodents ATGL and HSL are the major lipases for TAG and DAG, respectively, and account for ϳ95% of lipase activity in murine WAT (38) . Therefore, these molecular steps that regulate lipolysis can be potentially affected by obesity and also be distinctly regulated in VC versus SC WAT. However, very little is known about how dietinduced obesity affects HSL and ATGL content/activity as well as basal and catecholamine-induced lipolysis in VC and SC WAT. Furthermore, although AMPK has been implicated in playing a role in regulating HSL and ATGL activity (3, 17, 20) , its action on these major lipases has not been addressed in WAT under diet-induced obesity. Therefore, the present study was designed to address the effects of HFD-induced obesity on lipid metabolism within the adipocyte, specifically the roles of AMPK, HSL, and ATGL in subcutaneous and visceral fat depots. Evidence is provided that dysregulation of lipolysis and lipid metabolism in VC and SC adipocytes of high-fat diet mice is mediated by defective adrenergic receptor signaling combined with upregulation of ATGL and suppression of HSL and AMPK signaling. These findings give new insight into the importance of depot-specific regulation of lipolysis and also address the molecular mechanisms underlying dysfunctional adaptations that occur within the adipocyte with respect to lipid metabolism under conditions of diet-induced obesity and insulin resistance.
MATERIALS AND METHODS
Reagents. Epinephrine, FA-free bovine serum albumin (BSA), free glycerol determination kit, glucose oxidase kit, palmitic acid, and phenylethylamine were obtained from Sigma. [ Animals and isolation of primary adipocytes. Eight-week-old C57BL/6J male mice were maintained on a 12:12-h light/dark cycle at 22°C and fed ad libitum a standard laboratory chow for a 1-wk acclimation period. Subsequently, the animals were randomly assigned to two groups: control and HFD. Control animals received a standard chow diet containing 25% of kilocalories from fat (TestDiet; LabDiet Cat no. 5015), whereas the HFD group was fed a diet containing 60% of kilocalories from fat (TestDiet; LabDiet Cat no. 58Y1) for 8 wk. A standard chow diet was used for the purpose of comparing the effects of a HFD with those mice fed a diet that supports normal growth and development. The inguinal and epididymal fat pads were used as representative of SC and VC WAT. After the 8-wk study period, SC and VC fat pads were carefully removed and used for adipocyte isolation as previously described (36) with minor modifications (18) . Briefly, VC and SC fat pads from control and HFD animals were extracted, weighed, then finely and carefully minced using microscissors. The minced tissue was transferred to plastic vials containing Krebs-Ringer buffer (KRB) supplemented with 30 mM HEPES and collagenase (0.5 g/ml). Tissue was incubated for 25-30 min at 37°C with gentle agitation (120 orbital strokes/min). Subsequently, digested tissue was filtered through a nylon mesh, and cells were collected into plastic 50-ml tubes. Cells were carefully washed three times with collagenase-free KRB-HEPES supplemented with 3.5% BSA (KRBH-3.5% BSA), resuspended in KRBH-3.5% BSA, and allowed to equilibrate for 30 min before use in experiments. The procedures described herein have been adopted to prevent adipocyte lysis and to obtain fat cells that are viable and responsive to stimulation. This is confirmed by ϳ30-to 40-fold increases in control cells exposed to epinephrine. To distribute equal number of adipocytes in all treatment conditions, cell diameters and numbers were measured as described by DiGirolamo and Fine (13) . The experimental protocol was approved by the York University Animal Care Ethics Committee.
Plasma measurements. Blood was collected from mice in a fed state at the end of the 8-wk study period and quickly centrifuged at 4°C for 10 min. The serum fraction was collected and stored at Ϫ80°C for later analysis. Glucose was measured by using the glucose oxidase kit from Sigma, and nonesterified FAs (NEFAs) were measured by using a kit from Wako Chemicals. Plasma insulin was measured by using an ELISA kit from Millipore.
Determination of lipolysis, palmitate oxidation, uptake, and incorporation into triacylglycerols. Lipolysis was determined after adipocytes (1 ϫ 10 5 cells) had been incubated with constant agitation (80 orbital strokes/min) for 75 min in the absence or presence of epinephrine (100 nM) or forskolin (10 M) (3). For experiments using the EP3 receptor antagonist L826266, cells were preincubated with 10 M of the inhibitor for 2 h before stimulation with epinephrine. After incubation, an aliquot of the media (400 l) was collected and analyzed for glycerol release. The oxidation of palmitate by isolated adipocytes (ϳ1 ϫ 10 6 cells) was measured in KRBH containing 4% BSA in the presence of 0.2 mM palmitic acid and 0.2 Ci/ml of labeled [1- 14 C]palmitic acid for 1 h. The 14 CO2 liberated was collected for measurement of oxidation, and lipids were extracted from the cells to measure incorporation of palmitate into TAGs (17, 18) . For measurement of palmitate uptake, fat cells (1 ϫ 10 3 ) were incubated for 20 min in the absence or presence of insulin (100 nM) and subsequently assayed for palmitic acid uptake as described previously (17, 18) .
Citrate synthase activity. Citrate synthase activity was assayed with adaptations to the method described by Alp et al. (1) . Adipose tissue was homogenized in buffer (25 mM Tris·HCl, 1 mM EDTA, pH 7.4) and centrifuged, and the infranatant was collected. An aliquot containing 20 g of protein was added to the assay buffer (50 mM Tris·HCl, pH 8.1, 0.2 mM DTNB, 0.1 mM acetyl-CoA, 0.5 mM oxaloacetate), and absorbance was measured over 15 min in a spectrophotometer at 412 nm. The assay control contained all components except the sample, and its value was subtracted from all conditions.
Quantitative PCR analysis. Total RNA was isolated from adipocytes using the RNeasy kit, followed by DNase treatment to remove genomic DNA carryover. The iScript cDNA Synthesis Kit from Bio-Rad Canada was used to prepare cDNA for use in real-time PCR. Primers were designed using the software PrimerQuest (IDT) based on probe sequences available at the Affymetrix database (NetAffx Analysis Center, http://www.affymetrix.com/analysis) for each given gene. Real-time PCR reactions were carried out at amplification conditions as follows: 95°C (3 min); 40 cycles of 95°C (10 s), 65°C (15 s), 72°C (30 s); 95°C (15 s), 60°C (15 s), 95°C (15 s). Quantitative PCR was performed using the Bio-Rad CFX96 Real-Time Detection System. All genes were normalized to ␤-actin and GAPDH as control genes, and values are expressed as fold increases relative to the control diet. Primers sequences are shown in Table 3 .
Western blot analysis. For whole tissue samples, fat depots were extracted and immediately snap frozen in liquid nitrogen. Tissue (ϳ100 mg) was subsequently homogenized in a buffer composed of 25 mM Tris·HCl and 25 mM NaCl (pH 7.4), 1 mM MgCl 2, 2.7 mM KCl, and protease and phosphatase inhibitors (0.5 mM Na3VO4, 1 mM NaF, 1 M leupeptin, 1 M pepstatin, 1 M okadaic acid, and 20 mM PMSF). For isolated adipocytes, cells were stimulated with forskolin (10 M) or epinephrine (100 nM) for 30 min before lysis with buffer as described above. To ensure sufficient solubilization of lipid droplet-associated proteins under basal and stimulated conditions, we validated our protein extraction protocol by using an alternative buffer (1% SDS, 1 mM EDTA, 1 mM benzamidine, 20 mM NaF, and protease and phosphatase inhibitors) for adipocyte protein extraction and achieved similar results under adrenergic stimulation. Homogenates and lysates were centrifuged, the infranatant was collected, and an aliquot was used to measure protein by the Bradford method. Samples were diluted 1:1 (vol/vol) with 2ϫ Laemmli buffer, heated to 95°C, and subjected to SDS-PAGE conditions (18) . All primary antibodies were used in a dilution of 1:1,000 with the exception of phospho-AMPK (1:500) and perilipin (1:2,000).
Diacylglycerol content and triacylglycerol lipase activity. Diacylglycerol (DAG) levels were quantified by a modified enzymatic method (34) . Briefly, 100 mg fat tissue from control and HFD mice was homogenized, and lipids were extracted by the method of Bligh and Dyer (8) . Once lipids were dried under N 2 gas, DAG content was assessed as previously described by our lab (17) . TAG lipase activity was measured as established by Fredrikson et al. (16, 17) and previously performed in our laboratory. Briefly, tissues were homogenized in 2 vol of homogenization buffer and centrifuged for 45 min (4°C, 11,000 g). An aliquot of 100 g of the protein-rich infranatant was incubated with assay buffer containing a final concentration of 5 mM unlabeled triolein and 0.5 Ci/ml of labeled [9, H]triolein at 37°C for 10 min. The reaction was terminated with the addition of 3.25 ml of extraction buffer and 1.05 ml of a 0.1 M K 2CO3, 0.1 M boric acid solution. Tubes were centrifuged (800 g), and 1 ml from the upper phase containing the liberated [1- 14 C]oleic acid was extracted and counted for radioactivity.
Statistical analysis. Data are expressed as means Ϯ SE. Statistical significance was set to P Ͻ 0.05 and was calculated by using either t-test or analysis of variance (ANOVA) with Tukey-Kramer post hoc comparisons. The statistical analyses performed for each data set are noted in the figure legends.
RESULTS
Body mass, fat mass, adipocyte diameter, and plasma measurements. Mice in the HFD group had an average of 36% greater body mass than control animals, which was accompanied by an increase of 3.0-and 2.8-fold in epididymal and inguinal fat pad mass, respectively (Table 1) . This was compatible with a 1.67-and 1.59-fold increase in adipocyte diameters from the epididymal and inguinal fat pads from the HFD group, respectively (Table 1) . When compared with control mice, the HFD group had significantly higher plasma levels of NEFAs, glucose, and insulin (1.36-, 1.13-, and 2.26-fold, respectively), indicating that these animals were an appropriate model for diet-induced obesity and insulin resistance ( Table 2) .
Effects of HFD on HSL, AMPK, and ACC phosphorylation and protein content of AMPK, ACC, HSL, ATGL, and perilipin in WAT.
To assess the effects of HFD on major molecular mechanisms that regulate lipolysis in WAT, we examined phosphorylation of HSL on key serine residues as well as the protein content of ATGL and perilipin. Since AMPK has also been implicated in the regulation of HSL activity, the phosphorylation and content of this kinase and of its direct substrate ACC were determined. Phosphorylation of HSL at serine-563, -565, and -660 revealed that these variables were potently suppressed in the VC and SC adipose tissue of HFD mice, despite no change in total HSL protein content (Fig. 1) . Perilipin was decreased in both fat depots of HFD mice, although this effect was more pronounced in VC compared with SC adipose tissue. Conversely, the content of ATGL was markedly increased in both fat depots (Fig. 1) . Phosphorylation and content of AMPK and ACC was reduced in the VC and SC adipose tissue of HFD mice relative to control animals ( Fig. 1) .
DAG content and TAG lipase activity in VC and SC fat depots. Since HSL phosphorylation was suppressed in VC and SC adipose tissue, we looked at DAG content and TAG lipase activity in these fat depots from control and HFD mice. DAG content increased by 2.5-fold in VC ( Fig. 2A) and by 2.9-fold in SC (Fig. 2B) fat pads from HFD mice. TAG lipase activity increased by 1.4-and 2-fold in VC and SC WAT from HF diet mice, respectively (Fig. 2C) .
Lipolysis and phosphorylation of AMPK, ACC, and HSL in VC and SC adipocytes exposed to forskolin and epinephrine. As expected, adipocytes from control mice exposed to epinephrine increased glycerol release from 0.52 Ϯ 0.04 to 14.16 Ϯ 0.44 nmol·75 min·10
Ϫ5 cells and from 0.26 Ϯ 0.03 to 10.49 Ϯ 1.12 nmol·75 min·10
Ϫ5 cells in VC and SC adipocytes, respectively (Fig. 3, B and C 
Ϫ5 cells, respectively (Fig. 3, B and C) . HFD mice had increased basal lipolysis in VC and SC adipocytes by 2.3-and 2.9-fold, respectively, whereas epinephrine-stimulated lipolysis was blunted in both fat depots of HFD animals (Fig. 3, B and C) . Treatment of HFD VC adipocytes with forskolin increased lipolysis to levels above those of control VC adipocytes (Fig. 3B) ; however, only 83% of the lipolytic response was recovered in HFD subcutaneous cells by this agent (Fig. 3C) . To assess the potential mechanisms by which HFD induced these alterations in lipolysis, we looked at key proteins involved in the regulation of this pathway. As expected, phosphorylation of AMPK, ACC, and HSL serine-563 and -660 in VC and SC adipocytes from control mice was increased in response to forskolin and epinephrine (Fig. 3A) . In HFD VC adipocytes, forskolin-and epinephrine-induced phosphorylation of AMPK and ACC was blunted. Although forskolin was able to increase HSL Ser563/660 phosphorylation back to control levels, the epinephrine effect on this variable remained suppressed in HFD VC adipocytes (Fig. 3A) . In HFD SC fat cells, phosphorylation of AMPK and ACC in response to forskolin and epinephrine was also impaired. Furthermore, contrary to observations in VC adipocytes, phosphorylation of HSL in SC fat cells of the HFD mice was so low that it could not be detected by Western blot analysis under basal, forskolin-, or epinephrine-stimulated conditions (Fig. 3A) , despite the fact that total HSL content was unaltered and these cells elicited a significant lipolytic response when exposed to these agents (Fig. 3C) .
Effects of the specific EP3 receptor inhibitor L826266 on VC and SC adipocyte lipolysis.
In an attempt to unravel the mechanisms by which HSL was inhibited under basal and epinephrine-stimulated conditions, we blocked the E-prostanoid 3 (EP3) receptor with the drug L826266 in both VC and SC adipocytes from control and HFD mice. The EP3 receptor inhibitor increased basal lipolysis from 0.52 Ϯ 0.04 to 0.97 Ϯ 0.10 nmol·75 min·10 Ϫ5 cells and from 0.26 Ϯ 0.03 to 1.60 Ϯ 0.27 nmol·75 min·10 Ϫ5 cells in VC and SC adipocytes from control animals, respectively. However, it did not affect basal lipolysis in VC (1.18 Ϯ 0.07 to 1.48 Ϯ 0.14 nmol·75 min·10 Effect of HFD on palmitate uptake, incorporation into triacylglycerols, oxidation, and citrate synthase activity. Since TAG breakdown was defective with HFD and was differentially regulated in VC versus SC adipocytes, we also assessed whether parameters involved in lipid metabolism were altered in both fat depots. As expected, insulin elicited a 1.4-fold increase in palmitate uptake by VC adipocytes from control mice (Fig. 4A) . However, palmitate uptake by VC adipocytes from HFD mice decreased by 26% and 37% under basal and insulin-stimulated conditions relative to control VC adipocytes, respectively (Fig. 4A) . In SC adipocytes from HFD mice, suppression in both basal and insulin-stimulated palmitate uptake (17% and 28%, respectively) was also observed compared with control SC fat cells. Despite a reduction in palmitate uptake, palmitate incorporation into TAGs increased above controls by 1.7-fold in VC (Fig. 4C) and by 1.5-fold in SC (Fig. 4D) adipocytes from HFD mice. Palmitate oxidation was decreased in both VC and SC adipocytes from HFD mice by ϳ64% and 75%, respectively (Fig. 5, A and B) . In line with these changes, citrate synthase activity was also reduced by 46% in VC and by 63% in SC adipocytes from HFD mice (Fig. 5C) .
Analysis of gene expression in VC and SC fat depots by quantitative PCR.
We utilized quantitative PCR to determine whether the expression of genes involved in the regulation of lipolysis and lipid metabolism were altered in VC and SC adipose tissue from HFD mice. The mRNA levels of the ␣1-isoform of AMPK were decreased in VC and SC adipose tissue from HFD compared with control animals, whereas the expression of the ␣2-isoform remained unchanged (Table 3) . Additionally, mRNA levels of other proteins involved in oxidative metabolism such as ACC␣, cytochrome-c oxidase subunit VIII (Cox8), peroxisome proliferator-activated receptor-␣ (PPAR␣), and PGC-1␣ were decreased in both VC (ϳ57, 67, 72, and 57%, respectively) and SC (ϳ43, 73, 52, and 54%, respectively) adipose tissues from HFD mice (Table 3) . Expression of CGI-58 was significantly upregulated in both fat depots reaching 1.7-fold in VC and 1.8-fold in SC adipose tissues of HFD mice. The expression of adipose phospholipase A 2 (AdPLA 2 ) in VC and SC adipose tissues was significantly increased with HFD by 1.9-and 2.3-fold compared with control mice, respectively.
DISCUSSION
Here, we provide novel evidence that the increased basal but blunted epinephrine-stimulated lipolysis with HFD-induced obesity is mediated by impaired adrenergic receptor signaling, suppression of HSL phosphorylation, and upregulation of ATGL content and CGI-58 expression. Phosphorylation of HSL at serine residues 563 and 660, which is required for PKAmediated lipolysis (2), was potently suppressed by HFD in both VC and SC fat tissues. Since ATGL functions essentially as a TAG lipase (38, 47) , upregulation of ATGL content in combination with increased expression of its coactivator CGI-58 must have promoted TAG breakdown and formation of DAG. This is supported by our data indicating that TAG lipase activity is increased in WAT from HFD mice. Conversely, HFD-induced suppression of HSL phosphorylation/activity impaired breakdown of DAG, thereby facilitating its accumulation in the WAT. This is evidenced by our findings that DAG content was significantly increased by 2.5-and 2.9-fold in VC and SC WAT, respectively. This is also in line with previous studies in HSL knockout mice showing that in the absence of this lipase, accumulation of DAG in WAT occurs (23) .
Bypassing the adrenergic-receptor-mediated activation of adenylyl cyclases with forskolin fully rescued HFD-induced suppression of HSL phosphorylation at serine-563 and -660 residues in visceral adipocytes. Interestingly, in HFD subcutaneous adipocytes, lipolysis was partially rescued by forskolin and this occurred in the absence of any detectable induction of HSL phosphorylation. Studies in HSL-null mice show residual lipolysis, indicating that this process is impaired by the lack HSL activity, although not entirely dependent on this lipase. Studies from other labs support these findings, where silencing HSL using small interfering RNA diminished forskolin-stimulated lipolysis by 53%, whereas knocking down of ATGL resulted in ϳ90% reduction in glycerol release in differentiated human adipocytes (7) . In line with these observations, we found that the ATGL content and the expression of its coactivator CGI-58 were both increased by HFD, which is compat- Fig. 4 . Palmitate uptake in VC (A) and SC (B) adipocytes isolated from Con and mice on a HF diet for 8 wk under basal and insulin-stimulated conditions and palmitate incorporation into lipids in VC (C) and SC (D) fat cells. Data were compiled from 2 to 3 independent experiments, with triplicates for each condition. Twoway ANOVAs or unpaired t-tests were used for statistical analyses. *P Ͻ 0.05 versus Con; #P Ͻ 0.05 versus all other conditions; $P Ͻ 0.05 versus Con basal and Con insulin-stimulated conditions. ible with increased lipolysis in HFD visceral and subcutaneous adipocytes exposed to forskolin. It is important to note that even though forskolin substantially increased lipolysis in HFD subcutaneous adipocytes, it was still limited to ϳ83% of the values obtained with control cells exposed to this agent. This indicates that although a potent forskolin-induced lipolytic response could be obtained through upregulation of ATGL and CGI-58, the lack of HSL phosphorylation/activation limited the ability of HFD subcutaneous adipocytes to fully respond to this agent. This is further supported by our findings that HSL Ser563/660 was equally phosphorylated in HFD and control visceral adipocytes exposed to forskolin. Noteworthy, the lipolytic response of HFD adipocytes surpassed (1.67-fold) that of control VC cells treated with forskolin, even though no additional phosphorylation of HSL was observed.
The exposure of VC and SC adipocytes from control and HFD mice to forskolin also demonstrated that signaling steps mediated by adrenergic receptors play an important role in determining the well-characterized differences in lipolytic rates between VC and SC fat depots (4). This is evidenced by the fact that absolute values for lipolysis under basal and epinephrine stimulation in control and HFD VC fat cells were consistently higher than the values obtained with SC adipocytes. However, upon stimulation with forskolin, control SC lipolysis was 1.22-fold higher than in VC control adipocytes. These findings demonstrate that SC adipocytes have the potential to elicit lipolytic responses that are similar or even higher than those of VC adipocytes, but early signaling steps mediated by activation of adrenergic receptors appear to maintain a lower lipolytic rate in SC adipocytes from lean mice.
Besides HSL phosphorylation, the content of perilipin was also reduced in both fat depots with HFD. In HFD VC WAT perilipin levels were hardly detectable, whereas in SC WAT the content of this protein was less than control, although still abundantly present. Reduced perilipin content has been demonstrated to alter the normal breakdown of neutral lipids in fat cells. In fact, it has previously been reported that basal lipolysis is elevated, whereas isoproterenol-stimulated lipolysis is severely blunted in perilipin null mice (44) . Based on these observations, it was proposed that perilipin exerts an important role in preventing lipases from accessing neutral lipid stores under basal conditions, whereas its presence is required for PKA-mediated lipolysis (10, 44) . In the absence of adrenergic stimulation, HSL is mainly located in the cytoplasm, whereas perilipin is on the surface of the lipid droplet (43) . Upon ␤-adrenergic stimulation, activated PKA phosphorylates HSL as well as perilipin (31, 41) . HSL then translocates to the lipid droplet and colocalizes with perilipin leading to enhancement in hydrolysis of neutral lipids (41, 43, 45) , indicating that the interaction of perilipin and HSL is essential for the PKA- mediated effects on lipolysis (10, 32) . Our data are consistent with these observations, since the HFD-induced reduction in perilipin content coincided with 3.8-and 3.0-fold increases in basal lipolysis in VC and SC fat cells, respectively, whereas epinephrine-stimulated lipolysis was equally and potently blunted in HFD adipocytes from both fat depots.
Another pathway that plays an important role in the regulation of lipolysis involves prostaglandins, particularly prosta- Values are means Ϯ SE. F, forward; R, reverse. Fold changes in visceral (VC) and subcutaneous (SC) adipose tissues from high-fat diet mice relative to control diet. Samples were run in duplicate on the plate, and data were compiled from 3 to 4 separate plates, with n ϭ 6 -8 for each condition. GAPDH and ␤ -actin were used as control genes. AMPK, AMP kinase; ACC, acetyl-CoA carboxylase; Cox 8, cytochrome-c oxidase subunit VIII; PGC-1␣, proliferator-activated receptor-coactivator-1␣; PPAR␣, peroxisome proliferator-activated receptor-␣; CGI-58, comparative gene identification-58; AdPLA2, adipose phospholipase A2. Unpaired t-tests were used for statistical analyses. *P Ͻ 0.05 versus control diet. Fig. 6 . Summary of the effects of HFD on adipocyte lipolysis and metabolism. Arrows represent up-or downregulation of activity, protein content, and/or expression. Lines without arrowheads denote inhibition. Under HFD, the effect of catecholamines on the ␤-adrenergic (␤-AR) signaling cascade are blunted through reduced activation of the G stimulatory protein coupled receptor (Gs). This reduces protein kinase A (PKA) activation and inhibits phosphorylation of hormone-sensitive lipase (HSL). HFD also upregulates expression of adipose tissue phospholipase A2 (AdPLA2), which has been demonstrated to increased prostaglandin E2 (PGE2) production, the primary ligand for the E-prostanoid 3 receptor (EP3). Since EP3 is coupled to an inhibitory G protein (Gi), activation of this receptor further inhibits PKA under HFD conditions. Increase in ATGL content and comparative gene identification-58 (CGI-58) expression also occurs with HFD to facilitate TAG breakdown, although subsequent decreased HSL phosphorylation/activity results in the accumulation of DAG. HFD-induced decreases in perilipin (Peri) content also seems to contribute to dysfunctional lipolysis in these cells. Reduction of AMPK content and phosphorylation by HFD is in line with reduced ACC and suppressed oxidation. The oxidative capacity of adipocytes is decreased with HFD, which is compatible with suppression of regulators of mitochondrial biogenesis such as peroxisome proliferator-activated receptor-␥ (PPAR␥) coactivator-1␣ (PGC-1␣) and PPAR␣ expression. AC, adenylyl cyclase; AA, arachidonic acid; PC, phosphatidylcholine; PM, plasma membrane; FA, fatty acid; MAG; monoacylglycerol; MAGL, MAG lipase; Mito, mitochondria. glandin E 2 (PGE 2 ). PGE 2 levels are reported to be upregulated in adipose tissue from obese humans and acts on the EP3 receptor that signals through G i -coupled protein receptors to reduce intracellular cAMP levels and potently inhibits lipolysis (46) . In adipose tissue, PGE 2 is synthesized by adipose phospholipase A 2 (AdPLA 2 ) and is secreted by adipocytes (14) . It was recently demonstrated that ablation of AdPLA 2 in mice generates a phenotype that prevents obesity induced by HFD and elevates lipolysis, primarily through a decrease in PGE 2 production and content in WAT (24) . In the HFD mice, we found a significant increase in AdPLA 2 expression in VC and SC WAT, which is compatible with increased PGE 2 levels seen in obese individuals (14) . Therefore, we hypothesized that overactivation of the EP3 receptor due to elevated prostaglandin secretion by HFD adipocytes could be responsible for the impairment in adrenergic receptor signaling and blunted catecholamine-induced lipolysis in VC and SC adipocytes of HFD mice. Preincubation with the EP3 receptor antagonist L826266 increased basal lipolysis in control VC and SC adipocytes. However, it did not alter the potent inhibitory effect of HFD on epinephrine-induced lipolysis. The reasons underlying this are unclear though it could be that after 8 wk of HFD, the EP3 receptor was hyperactivated and acute incubation with L826266 was unable to overcome the powerful suppressive effect of the prolonged HFD on this pathway. It is also important to note that the ␤ 3 -adrenergic receptor is highly expressed in mouse adipose tissue (4, 33) and the use of a selective agonist for this receptor could have elicited a distinct lipolytic response in VC and SC adipocytes of HFD mice. This is particularly important considering that the distribution of ␤-adrenergic receptor isoforms in WAT differs between rodents and humans (4). Therefore, future investigations utilizing isoform-specific agonists and antagonists of ␤-adrenergic receptors are warranted to unravel the roles of distinct ␤-isoforms in lipolysis under conditions of HFD either in the absence or presence of the EP3 receptor antagonist.
Although AMPK activation has been shown to exert an antilipolytic effect in WAT, its effect on metabolic processes under conditions of HFD have not yet been assessed. Here, we provide novel evidence that both phosphorylation and content of AMPK and its substrate ACC were strongly reduced in both VC and SCfat tissue from HFD mice. Although this seems consistent with the fact that basal lipolysis is elevated, HFD completely abolished HSL phosphorylation on PKA targets serine-563 and -660 with a concomitant reduction in AMPK activity. Therefore, the inhibition of catecholamine-induced lipolysis cannot be attributed to exacerbated activation of this kinase by HFD. In fact, lower phosphorylation of ACC and HSL Ser565 , downstream targets of AMPK (3, 19) , is in line with the reduced activation of this kinase in VC and SC fat depots of HFD mice. Furthermore, we have previously demonstrated that short-and long-term 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR)-induced AMPK activation reduces FA esterification (17, 18) . In the present study, we show that a reduction in AMPK signaling with HFD elicits the opposite effect, since FA incorporation into lipids was increased, whereas citrate synthase activity and palmitate oxidation were reduced, which is also compatible with facilitation of lipid storage in a condition of chronic energy surplus. Furthermore, it is fitting that under conditions of HFD the production of citrate is reduced, since the cells are exposed to an abundance of FAs and there is no need for the de novo lipid synthesis pathway to be activated. HFD not only reduced AMPK phosphorylation but also promoted insulin resistance in both fat depots. This was clearly demonstrated by the fact that insulin-stimulated palmitate uptake was inhibited by HFD in VC and SC adipocytes. In this scenario, impairment of AMPK signaling must have facilitated the release of FAs by the WAT, since the anti-lipolytic effect of this kinase was attenuated.
To date, no studies have demonstrated whether the FA oxidative pathway in adipocytes is altered under conditions of diet-induced obesity. Here, we provide evidence that the oxidative capacity of both VC and SC adipocytes was markedly decreased in fat cells from HFD mice. Although this maybe partly attributed to reduced palmitate uptake in adipocytes of HFD mice, changes in the expression of genes involved in oxidative metabolism were also altered. Gene expression of PGC-1␣ and PPAR␣, which are critical regulators of mitochondrial biogenesis and energy expenditure (35) , were significantly reduced in both VC and SC WAT. Importantly, it has been recently shown that AMPK and another energy sensor, the NAD ϩ -dependent type III deactylase SIRT1, are necessary for PGC-1␣ activation (11) . Therefore, chronic suppression of AMPK as seen in the WAT of HFD mice is consistent with a reduced ability of this tissue to upregulate oxidative metabolism. Furthermore, recent studies from our lab indicated that AICAR-induced activation of AMPK for 15 h increased gene expression of PGC-1␣ and PPAR␣, which drove lipid metabolism toward energy dissipation instead of storage (17) . Although the WAT does not have high oxidative capacity, these differences in metabolism of FAs could have a major impact on whole body lipid metabolism, because fat tissue makes up a large proportion of body mass (15-20% and 20 -30% in healthy men and women, respectively), particularly in obese individuals (more than 40%) (12) . Although there is no evidence that FA oxidation in adipocytes increases as a means to cope with excess lipid load in obesity, our data suggest that the impairment of FA oxidation in WAT may further contribute to the accumulation of fat mass in both visceral and subcutaneous fat depots under conditions of HFD.
In summary, our results indicate that HFD-induced obesity disrupts signaling through major components of the lipolytic cascade in WAT (Fig. 6) . Specifically, HSL and perilipin are downregulated, whereas ATGL and CGI-58 are upregulated. This culminates in increased basal but severely blunted catecholamine-induced lipolysis and accumulation of DAG in VC and SC fat depots. Additionally, impairment of AMPK activity and downregulation of PGC-1␣ and PPAR␣ resulted in elevated esterification and reduced ability to oxidize FA in VC and SC adipocytes (Fig. 6) . Altogether, these alterations in molecular regulation of lipolysis and FA metabolism give insight into the dysfunctional metabolic adaptations that occur with HFD in the WAT and may help further our understanding of defective mechanisms that contribute to obesity and its related metabolic disorders.
